In Escherichia coli, the CpxR͞A two-component system senses various types of extracytoplasmic stresses and responds by activating the expression of genes encoding periplasmic protein folding and trafficking factors that clear such stresses to ensure the organism's survival. The cpxP gene encodes a small, stresscombative periplasmic protein and is the most strongly induced member of the Cpx regulon. We demonstrate that the Cpx stress response suppresses the toxicity associated with two misfolded proteins derived from the P pilus of uropathogenic E. coli and that mutations in either cpxP or the gene for the periplasmic protease DegP prevent suppression by preventing the degradation of these proteins. Strikingly, the presence of a periplasmic misfolded protein substrate significantly enhances the proteolysis of CpxP by DegP. Our data suggest that CpxP functions as a periplasmic adaptor protein that is required for the effective proteolysis of a subset of misfolded substrates by the DegP protease.
In Escherichia coli, the CpxR͞A two-component system senses various types of extracytoplasmic stresses and responds by activating the expression of genes encoding periplasmic protein folding and trafficking factors that clear such stresses to ensure the organism's survival. The cpxP gene encodes a small, stresscombative periplasmic protein and is the most strongly induced member of the Cpx regulon. We demonstrate that the Cpx stress response suppresses the toxicity associated with two misfolded proteins derived from the P pilus of uropathogenic E. coli and that mutations in either cpxP or the gene for the periplasmic protease DegP prevent suppression by preventing the degradation of these proteins. Strikingly, the presence of a periplasmic misfolded protein substrate significantly enhances the proteolysis of CpxP by DegP. Our data suggest that CpxP functions as a periplasmic adaptor protein that is required for the effective proteolysis of a subset of misfolded substrates by the DegP protease.
Escherichia coli ͉ misfolded protein ͉ periplasm ͉ regulated proteolysis G ram-negative bacteria such as Escherichia coli must adapt to a wide variety of environmental stresses, including extremes in temperature, osmolarity, and pH to ensure their survival. They accomplish this adaptation through the use of signal transduction systems that detect an inciting stress and respond by up-regulating specific gene products that combat it. The E and CpxR͞A signal transduction systems both sense perturbations in the bacterial cell envelope and respond by up-regulating numerous protein folding and degrading activities (1) . However, the mechanisms by which they achieve this regulation are quite different.
The E stress response is activated by a short peptide motif in misfolded outer membrane ␤-barrel proteins. This peptide sets off a proteolytic cascade that leads to the degradation of the anti-factor, RseA (2) . Destruction of RseA releases E , a sigma factor that directs the transcription of gene products that help fold, assemble, or degrade the misfolded protein. In contrast, the Cpx stress response is a prototypical two-component regulatory system consisting of a sensory inner membrane kinase (CpxA) and a cytoplasmic response regulator (CpxR). When a stress is sensed, CpxA autophosphorylates on a conserved histidine in the cytoplasmic kinase domain and then activates CpxR via phosphorylation of a conserved aspartate residue (3) . CpxRphosphate is a transcriptional activator that both autoregulates the cpxRA operon and up-regulates the expression of various periplasmic stress-combative activities, some of which overlap with those of E and some that are unique to Cpx (4) . Details about the precise molecular nature of Cpx-inducing signals caused by general stresses, such as alkaline pH, are not known. However, one of the functions of the Cpx regulon is to monitor pilus assembly (5) and in one such case, signaling is understood in some detail (6) .
The P pilus mediates the attachment of uropathogenic E. coli to human kidney epithelium (7) . It consists of a cylindrical rod with a thinner, flexible tip fibrillum capped by an adhesin. The P pilus is assembled by the highly conserved chaperone-usher pathway (8) . Newly synthesized pilus subunits are translocated to the periplasm by the secretion machinery where they are met by the specialized chaperone PapD, which both catalyzes folding of individual subunits and delivers them to the PapC usher, the outer membrane assembly site (9) . In the absence of PapD, the tip fibrillar subunit PapE and the adhesin PapG misfold. Misfolded forms of PapE and PapG are toxic, and they are potent inducers of the Cpx stress response (10) .
The cpxP gene is a member of the Cpx regulon, and its expression is strongly up-regulated in response to all known Cpx-activating signals, including both misfolded PapE and PapG (11) . It encodes a small, stress-combative periplasmic protein capable of negatively regulating the Cpx response (12) (13) (14) . In this study, we provide evidence that CpxP is degraded by the periplasmic protease DegP, together with misfolded PapE or PapG. We suggest that CpxP functions as a periplasmic adaptor protein to direct the proteolysis of specific substrates by the DegP protease.
Materials and Methods
Strains, Media, and Culture Conditions. All strains used in this study are isogenic derivatives of MC4100 constructed by generalized transduction with P1 vir (15) . A complete strain list can be found in Table 1 , which is published as supporting information on the PNAS web site. All strains were grown in Luria broth (LB) at 30°C unless otherwise indicated. Strains containing the cpxA24 allele were maintained on LB agar containing amikacin (Sigma) at 1.5 g͞ml (13). Plasmid-containing strains were grown in either ampicillin (Sigma) or chloramphenicol (Sigma) at concentrations of 125 g͞ml and 20 g͞ml, respectively.
Immunological Reagents. A rabbit polyclonal CpxP antiserum was generated by using CpxP protein derived from expressing a maltose-binding protein-tagged CpxP (13) in BL21 (DE3) cells and used at a 1:2,500 dilution. The CpxP protein was purified by using a cold osmotic shock protocol, amylose affinity chromatography and Factor Xa-mediated cleavage of the resultant fusion protein as per published protocol (New England Biolabs). A rabbit polyclonal DegP antiserum was generated by using hexahistidine-tagged DegP purified as described in ref. 16 and used at a 1:30,000 dilution. A rabbit polyclonal N-terminaldeleted PapE (ntdPapE) antiserum was generated by Sigma Genosys with ntdPapE protein purified as described in ref. 17 and used at a 1:1,000 dilution. This antibody reacts with both ntdPapE and wild-type PapE. A secondary horseradish peroxidase-conjugated anti-rabbit antiserum (Amersham Pharmacia) was used at 1:8,000 dilution for all immunoblots. Enhanced chemiluminescence Western blotting reagents were used for detection (Amersham Pharmacia Life Sciences).
Western Blot Analysis of Steady-State, Wild-Type Cells. Overnight cultures of wild-type and degP::cam were subcultured to OD 600 Ϸ 0.05 in 5 ml of 100 mM 3-(N-morpholino) propanesulfonic acid (Mops)-buffered LB at pH 6.5 and grown at 37°C for 2.5 h. Samples were collected and normalized for the number of cells per milliliter and harvested by centrifugation. The cells were then resuspended in 100 l of SDS͞PAGE loading buffer and lysed by boiling for 5 min. Twenty milliliters of each sample were electrophoresed on a SDS-15% polyacrylamide gel, transferred to nitrocellulose, and subjected to Western blot analysis.
Toxicity, Proteolysis, and Subunit Accumulation Assays. Overnight cultures were grown in the appropriate antibiotic and subcultured to OD 600 Ϸ 0.05 in 7 ml of fresh LB medium and grown at 37°C for 1 h. Cells containing isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible plasmids were then induced with either 10 M (toxicity, subunit accumulation in wild-type) or 0.5 mM (proteolysis, subunit accumulation in cpxA24 derivatives) IPTG and grown at 37°C. A lower IPTG concentration was used for toxicity assays on cpxRA ϩ cells because at the higher IPTG concentration, misfolded PapE or PapG expression is similarly toxic irrespective of the degP genotype (10) . The OD 600 of all cultures were recorded preinduction and at multiple time intervals after induction for 2 h. Samples were removed at each interval, normalizing for the number of cells per milliliter, and harvested by centrifugation. The samples were further processed for Western blot analysis as above.
Pulse-Chase Analysis and Immunoprecipitation. Pulse-chase analysis and immunoprecipitation by using rabbit CpxP antiserum were performed as described in ref. 18 by using the growth and inducing conditions described above.
Results

CpxP Combats the Toxicity Caused by Misfolded PapE and PapG
Expression. To gain insight into the function of CpxP, we examined the toxicity associated with expressing either the PapE pilin subunit or the PapG adhesin in the absence of its chaperone. In wild-type strains, expression of either papE or papG is toxic (10) . Cell growth is inhibited in Ͻ 1 h after the induction of PapE synthesis, even with low concentrations of inducer (10 M) ( Fig.  1A ; compare open squares to closed squares). To determine whether the Cpx response can combat PapE-or PapG-associated toxicities, we used strains carrying the cpxA24 mutation. This mutation constitutively activates the Cpx stress response and leads to the up-regulation of all characterized members of the Cpx regulon, including cpxP (11, 19) . We found that cpxA24 mutations can effectively suppress either PapE or PapG toxicity at inducer concentrations 50-fold greater than that required to observe toxicity in wild-type cells ( Fig. 1B ; compare open squares to closed squares).
To address the possibility that CpxP may have a role in combating the toxicity caused by misfolded PapE or PapG, we repeated the experiments described above by using either wildtype or cpxA24 strains lacking CpxP. Indeed, in both wild-type and cpxA24 cells, we observe a significant exacerbation of PapE toxicity when cpxP is inactivated ( Fig. 1 A and B ; compare closed triangles to closed squares). In either cpxA ϩ cpxP or cpxA24 cpxP cells producing PapG, we also observe an exacerbation of toxicity, albeit to a lesser extent than that observed for PapE (data not shown). Thus, we conclude that CpxP can combat the toxicity caused by misfolded PapE or PapG.
CpxP and DegP Are Required to Degrade Misfolded PapE. It has been suggested that the DegP protease might be responsible for degrading misfolded pilin subunits in the periplasm (10, 16) . Because degP is the only periplasmic protease identified thus far in the Cpx regulon (20), we considered the possibility that the toxicity associated with misfolded PapE and PapG could be relieved by DegP-mediated proteolysis. Indeed, PapE toxicity is exacerbated in wild-type strains lacking DegP (Fig. 1 A; compare closed circles to closed squares) and the loss of DegP function in a cpxA24 genetic background greatly reduces the suppressive effect of this constitutive allele on PapE toxicity (Fig. 1B ; compare closed circles to closed squares).
To look more directly at whether DegP is involved in the degradation of misfolded pilin subunits, we examined PapE levels in both cpxA ϩ degP and cpxA24 degP strains carrying the plasmid that expresses PapE under inducible control. We see a considerable increase in PapE accumulation in both strains relative to their isogenic degP ϩ controls ( Fig. 1 C and D; compare lanes 1 and 3), suggesting that DegP degrades misfolded PapE pilin subunits. It is important to note that at later time points, PapE accumulates in wild-type cells under this set of induction conditions, accounting for the observed toxicity in these cells (data not shown).
CpxP also possesses an activity that combats the toxicity of misfolded PapE and PapG ( Fig. 1 A and B) . To assess whether Fig. 1B . The cells were then grown an additional 60 min at 37°C and cell-equivalent samples from each strain were harvested, lysed, and subjected to Western blot analysis by using antiserum to PapE to visualize PapE levels (hatched arrowhead) in these samples.
this activity might also be related to proteolysis, we examined PapE subunit accumulation in both cpxA ϩ cpxP and cpxA24 cpxP strains carrying the PapE-expressing plasmid. Strikingly, the increase in PapE accumulation in cpxP strains is similar to what we observe in degP strains ( Fig. 1 C and D; compare lanes 2 and 3). These data suggest that both DegP and CpxP are required to degrade misfolded pilus-derived proteins in the periplasm. Moreover, the observation that the effect of the two mutations is not additive (Fig. 1 C and D; compare lanes 2-4) suggests that DegP and CpxP might function in the same degradation pathway.
CpxP Is Degraded in Concert with Misfolded PapE or PapG in Vivo.
Given the CpxP Ϫ growth and misfolded protein accumulation phenotypes characterized above, we considered the possibility that levels of CpxP might be directly affected by the expression of misfolded pilin subunits. However, CpxP is present at very low levels in wild-type cells grown in rich media (see below) and can only be reliably detected when the Cpx response is induced. Therefore, we monitored changes in levels of CpxP after the induction of papE or papG in a cpxA24 mutant background where levels of CpxP are significantly elevated. In this way, we could preload the periplasm with CpxP protein and observe how introducing misfolded PapE or PapG affects CpxP levels.
When papE or papG is expressed in a cpxA24 strain, there is a significant decrease in the levels of CpxP at steady-state compared to uninduced controls ( Fig. 2A; Fig. 2B ; compare lanes 2 and 4) suggesting that CpxP is degraded by DegP in the presence of misfolded PapE or PapG.
To verify that the changes in CpxP levels that occur upon the induction of misfolded proteins are caused by changes in CpxP stability and not CpxP synthesis, we performed pulse-chase immunoprecipitations of CpxP in both cpxA24 cells and its degP isogenic derivatives expressing misfolded PapG. We used the same inducer concentration as that in our steady-state experiments (0.5 mM IPTG), but after a 30-s pulse of [
35 S]methionine, we added the unlabeled methionine chase and the inducer simultaneously so as to avoid depleting CpxP prematurely. In a cpxA24 degP ϩ strain expressing misfolded PapG, Ͻ20% of CpxP in the cell remains in as little as 30 min after induction. In contrast, in the same time frame, Ϸ75% of CpxP remains in a cpxA24 degP strain expressing misfolded PapG (data not shown). Thus, this result suggests DegP-mediated proteolysis is the primary mechanism underlying both CpxP depletion and misfolded PapE or PapG degradation.
Both DegP Activity and a Misfolded Protein Substrate Are Required for
CpxP Proteolysis. In the absence of DegP, expression of misfolded PapE or PapG alone is insufficient for directing the proteolysis of CpxP (Fig. 2B ). In the presence of DegP, the depletion of CpxP in cpxA24 strains expressing misfolded PapG happens rapidly (Fig.  3B) . The kinetics of CpxP depletion in cpxA24 strains expressing misfolded PapE are somewhat slower (Fig. 3B) . However, in the absence of misfolded PapE or PapG, CpxP degradation is not stimulated by elevating the levels of DegP. In cpxA24 cells containing a DegP-expressing plasmid to increase DegP levels above those generated by constitutively activating the Cpx pathway, we observe no decrease in the steady-state levels of CpxP protein, even after Ͼ1 h (Fig. 3A) . Thus, CpxP turnover is not caused simply by either elevated levels of DegP or the presence of misfolded proteins alone. Both misfolded protein substrate and DegP are required to stimulate CpxP proteolysis.
The N-Terminal Extension of PapE Is Required for CpxP Proteolysis. P pilus assembly occurs at the PapC usher by a process termed donor-strand exchange, in which the G1-␤ strand of the chaperone bound to an incoming subunit is exchanged for an N-terminal extension present on every subunit and exposed to incoming chaperone-subunit complexes in the growing pilus (17) . Our groups have shown that the N-terminal extension of PapE is required for Cpx signaling by this subunit (6) . We tested the possibility that the N-terminal extension of the PapE protein might also be critical for this substrate to potentiate CpxP proteolysis. When we express the N-terminal-deleted form of PapE (ntdPapE) in a cpxA24 strain, we fail to observe any degradation of CpxP (Fig. 3B) . Thus, the N terminus of PapE is required for both Cpx induction and for its ability to be degraded by DegP in a CpxP-dependent manner.
To look more closely at the relationship between Cpx activation and CpxP proteolysis, we performed the same experiment by using a cpxA24 strain that overexpresses the outer membrane lipoprotein NlpE. Overexpression of NlpE, like expression of misfolded PapE or PapG, has been characterized as an activator of the Cpx pathway (21) . However, overproduction of NlpE has little, if any, effect on CpxP levels in a cpxA24 genetic background (Fig. 2 A; compare lanes 3 and 4) . Thus, activation of the Cpx response in different ways has different ramifications for CpxP proteolysis.
CpxP Substrates Are Generated in the Absence of an Overt Extracytoplasmic Stress. CpxP is present at very low levels in wild-type cells grown in rich media (Fig. 4, lane 1) . Because CpxP is degraded by DegP, we considered the possibility that the nearly 2) or PapE (lanes 5 and 6) pilin subunit were grown for 60 min at 37°C to an OD 600 Ϸ 0.15, and preinduction samples (lanes 1 and 5) were taken. The remainder of each culture was subsequently induced with 0.5 mM IPTG (lanes 2 and 6). The cells were then grown an additional 90 min at 37°C and cell-equivalent samples from each strain were harvested, lysed, and subjected to Western blot analysis by using antiserum to the CpxP protein (closed arrowhead). cpxA24 cells carrying either pBR322 (lane 3) or the NlpE overexpression plasmid pLD404 (lane 4) were processed identically except that no IPTG was used for induction. The additional band observed in this and all subsequent CpxP data figures is a crossreacting protein recognized by our CpxP antiserum that serves as a loading control. (Lower) Degradation of CpxP stimulated by misfolded PapE depends on the DegP protease. cpxA24 (lanes 1 and 2) and its isogenic degP derivative (lanes 3 and 4) were transformed with a plasmid (pHJ13) expressing PapE and grown and induced under the same conditions used above. Lanes 1 and 3 represent uninduced controls, whereas lanes 2 and 4 represent IPTG-induced cells. Western blot analysis by using antiserum to CpxP was used to visualize CpxP levels (closed arrowhead).
undetectable levels of CpxP in wild-type cells might be the consequence of DegP-mediated proteolysis. To explore this idea further, we performed Western blots on both unstressed wildtype and degP cells with CpxP antisera to assess CpxP protein levels in these cells. Data from our laboratory had previously demonstrated that a cpxPЈ-lacZ ϩ gene fusion was induced Ϸ5-fold in a degP strain relative to the wild-type control (22) . Indeed, we observe higher levels of CpxP protein in degP cells relative to wild-type controls (Fig. 4; compare lanes 1 and 2) . However, the difference in CpxP levels between these two strains is greater than can be accounted for by the increase in cpxP transcription. This difference suggests that there are posttranscriptional mechanisms that likely contribute to the regulation of CpxP in DegP-deficient cells. These data support the idea that CpxP is degraded by DegP and suggest that CpxP substrates might be generated in wild-type cells growing at steady state.
Discussion
All bacteria face a continuous onslaught of environmental stresses that often create an increased load of misfolded proteins in the cell that, if left unchecked, can form lethal toxic aggregates. Thus, the cell must have mechanisms for both correctly refolding damaged proteins and targeting the swift degradation of those proteins that cannot be repaired. Moreover, there must be mechanisms that also regulate proteolysis to ensure that only appropriate substrates get degraded under specific circumstances. In the cytoplasm of E. coli, several ''adaptor'' proteins have been identified that serve to modify the specificity of enzymes whose primary function is the removal of damaged proteins secondary to cellular stress (23) (24) (25) . Examples include proteins that enhance the recognition of certain substrates by a protease (26) , proteins which appear to switch the specificity of a protease from one protein type to another (27) and proteins that inhibit the degradation of some substrates while enhancing the degradation of others (28) . Protein quality control in the periplasm of Gram-negative bacteria faces many of the same challenges as the cytoplasm. Here we have demonstrated that CpxP can act as a periplasmic adaptor protein that appears to enhance the specificity of the DegP protease for two pilusrelated substrates in vivo.
A model for how CpxP works is shown in Fig. 5 . In an unstressed cell, CpxP associates either directly or indirectly with the periplas- mic domain of the CpxA sensor kinase keeping it off (1). In the presence of misfolded PapE, CpxP is titrated away from the kinase, binds the misfolded protein, and subsequently delivers it to the DegP protease, which then degrades both PapE and CpxP. Induction of the Cpx response increases production of CpxP, and when damage is cleared, CpxP accumulates to associate with CpxA and shut the response off. Importantly, this model predicts that there should be a correlation between the ability of a stress to activate the Cpx response and the CpxP-mediated degradation of that stress by DegP. Indeed, we find that when we express the N-terminaldeleted form of PapE (ntdPapE), we fail to observe CpxP proteolysis (Fig. 3B) and CpxRA induction does not occur (6) . Overexpression of NlpE can also activate the Cpx response (21) . However, overproduction of NlpE has little, if any, effect on CpxP levels in a cpxA24 genetic background (Fig. 2 A; compare  lanes 3 and 4) . NlpE is involved in sensing the attachment of cells to abiotic surfaces and signaling this event by activating the Cpx two-component system (29) . We believe that overproduction of NlpE activates the Cpx stress response not because it causes a stress but rather because it triggers downstream signaling events. Indeed, overproduction of NlpE is not toxic and, in fact, ameliorates the periplasmic toxicity of a novel fusion protein (21) . Thus, as reported, the Cpx response can be induced in different ways (11) , and CpxP is the component that molecularly distinguishes a true periplasmic stress such as the accumulation of misfolded pilins or adhesins (CpxP-dependent) from a cellcell or cell-surface adhesion signal transduced by NlpE (CpxP-independent).
Both misfolded PapE and PapG activate Cpx signaling and stimulate CpxP proteolysis by DegP. However, there are differences in the structure and physiology of these proteins that suggest that they may not be handled by the cell in precisely the same fashion. Importantly, the PapE fibrillar subunit has an N-terminal extension that mediates either donor strand exchange during normal pilus assembly or Cpx signaling when assembly fails. In contrast, the PapG adhesin does not have an N-terminal extension. Therefore, there must be a difference(s) in the nature of the signal produced by these two misfolded pilus-derived proteins. This notion is supported by the finding that whereas both PapE and PapG can activate the Cpx pathway, only PapG can activate the E stress pathway implicated in the sensing of misfolded outer membrane proteins (10) . This difference likely explains why cpxP loss-offunction mutations fail to exacerbate PapG toxicity to the same extent as PapE toxicity and may also explain why the steady-state kinetics of CpxP degradation are faster in strains expressing PapG.
Because PapG can activate an additional stress response, cells expressing PapG likely can combat this toxicity more effectively in the absence of cpxP than cells in which only the Cpx response has been activated.
The finding that CpxP proteolysis occurs in wild-type cells in the absence of an apparent misfolded protein substrate (Fig. 4) suggests that CpxP substrates may be present in the cell even under conditions when overt Cpx stresses cannot be identified. It is important to note that under the conditions used in these experiments, pili have never been detected in the strains of E. coli used in this study. We suspect that some fraction of secreted proteins destined for the periplasm or the outer membrane fails to fold or assemble properly and that some of these molecules are recognized by CpxP and targeted for degradation. Thus, we suspect that CpxP also has non-pilus-related substrates.
CpxP is a previously uncharacterized accessory factor that functions to enhance proteolytic specificity in an ATP-deficient cellular compartment. Strikingly, CpxP gets degraded along with its protein cargo in vivo (Fig. 5) . Nearly all of the cytoplasmic adaptor proteins identified to date appear not to be degraded along with their substrate (25) (26) (27) . In Bacillus subtilis, the MecA protein acts as an adaptor protein that facilitates the degradation of the transcriptional master regulator of competence ComK and the small quorum sensing-regulated competence protein ComS (30) . More recently, MecA has also been shown to mediate the ClpC-dependent disaggregation, refolding, and degrading of ClpP substrates (31) . Although it is true that MecA can be degraded by ClpCP both in vitro and in vivo, this degradation occurs in an ATP-dependent manner with in vitro kinetics that are much slower than the degradation rate of the substrate (30, 31) . Moreover, the latter study points out that in the presence of an appropriate substrate such as aggregated malate dehydrogenase, MecA degradation was reduced (31) . In marked contrast, CpxP is efficiently degraded along with its substrate and, although we have no direct evidence, we suspect that recycling is rare. It may be that the degradation of a periplasmic adaptor is required because there is no energy source present in the periplasm to aid the potential recycling of the adaptor there is in the cytoplasm. Therefore, CpxP is an adaptor molecule that can function to regulate proteolysis in energy-poor environments.
